The distribution of chromosomes by centromeres and telomeres was studied in 100 squashed, somatic metaphases of a Hordeum vulgare (2 n =2x = 14) x Psathyrostachys fragilis (2 n = 2x = 14)
Introduction
We have previously studied the arrangement of genomes and chromosomes in squashed, somatic metaphases of interspecific hybrids of Hordeum vuigare (2x) and the polyploid species, H. jubatum (4x), H brachyantherum (4x) [called H. roshevitzii (4x) ], H brevisubulatum ssp. turkestanicum (6 x), and Triticum aestivum (6x) (Linde-Laursen & Jensen, 1984) . The chromosomes were identified by Giemsa C-banding. The genomes were disposed with that of H. vulgare on average closest to the metaphase centre. This agrees with observations of squashed and serial-sectioned metaphases of interspecific and intergeneric hybrids in the light and electron microscopes, respectively, e.g. by: , Finch & Bennett (1981 , 1983 , Finch (1983) , Bennett (1984a) , Linde-Laursen & Bothmer (1984) , Schwarzacher et al. (1984) and Schwarzacher-Robinson et a!. (1987) . Gleba et a!. (1987) observed a similar separation of the parental genomes in somatic cell hybrids of Nicotiana chinensis + Atropa belladonna and Nicotiana plumbaginifolia + Nicotiana sylvestris. A closer assemblage of the chromosomes of parental genomes resulting in genome separation has been observed or suggested, e.g. in hamster-human cell hybrids (Zelesco & Graves, 1988) . A specific order of the chromosomes within the 203 genome of H vulgare, as reported by Bennett (1982 Bennett ( , 1983 Bennett ( , 1984a and Heslop-Harrison & Bennett (1983a ,b, 1984 , was not found by us (Linde-Laursen & Jensen, 1984) . In addition, the validity of the finding and its theoretical and statistical bases have been questioned (Coates & Smith, 1984; Callow, 1985; John et al., 1985; Dorninger & Timischl, 1987; Rawlins & Shaw, 1988) .
One cause of our failure to observe an ordered arrangement of the chromosomes within the genome may have been the rather limited material studied, only 38 cells, and the use of polyploids as one parent in the hybrids. Bennett and co-workers used diploids exclu- sively (bc. cit.) This paper presents results obtained with extensive material from the diploid hybrid H vulgare X Psathyrostachys fragilis. The previously applied technique was used, except that the positions of telomeres in addition to the positions of centromeres, relative to the cell centre and to each other (Linde-Laursen & Jensen, 1984) , were studied.
Materials and methods
The Bothmer et a!. (1984) and Linde-Laursen & Bothmer (1984) . The metaphases were unselected except that (i) only cells with 14 chromosomes, seven from H. vulgare and seven from P fragilis, were used; (ii) the chromosomes should be well spread, and in one focal plane; (iii) all chromosomes and chromosome arms of both parental species should be identifiable; and (iv) centromeres, nucleolar constrictions, and telomeres should be clearly discernible.
Cytological identification of chromosomes and chromosome arms was performed using Giemsa C-banding as previously described (Linde-Laursen & Bothmer, 1984) . In text, tables, and figures the H. vulgare chromosomes are numbered 1-7 and the P fragilis chromosomes lettered A-G in agreement with conventional use (cf. Linde-Laursen & Bothmer, 1984) . However, to record the positions of the chromosomes in a cell and to calculate statistics, the chromosomes were provisionally numbered in succession from 1 to 14. Based on enlarged micrographs (-6000 x) and by means of a digitizer, rectangular coordinates x, and y1 of chromosome number i in a cell were recorded for both ends of each chromosome arm and satellite. Centromere positions were calculated as average coordinates of the two sets of coordinates at However, the expression used by them was given incorrectly in their paper; the correct one is as reported here. Unless otherwise stated, all distances studied are squared distances in the transformed x', y' coordinate system.
Results
The chromosomes of the Giemsa C-banded metaphases were comparatively long with little overlapping. The cells varied in shape from circular to oblong (Fig.  1) . In all cells, each of the seven smaller, more heavily stained H. vulgare chromosomes and each of the seven longer, more lightly stained P fragilis chromosomes and their arms were identified by their C-banding patterns (cf. Linde-Laursen & Bothmer, 1984) . Most metaphases had all or most of the H. vulgare chromosomes positioned closer to the cell centre than the P fragilis chromosomes; however, in five cells the chromosomes of the two genomes lay side-by-side. In accordance with previous observations, only the nucleolar constrictions of the H. vulgare SAT-chromosomes were visible (Linde-Laursen & Bothmer, 1984) . The distribution of the non-squared distances between the cell centre and centromeres is shown in Fig. 2 . The distributions appear to be approximately normal and show that the centromeres of the P fragilis chromosomes are generally further from the cell centre than the centromeres of the H. vulgare chromosomes. To illustrate the distributions of the centromeres in the squashed metaphase cells, the mean number of centromeres per unit area has been taken as a function of the non-squared distance between the cell centre and the two genomes (Fig. 3) . Figure 3 shows, as does Fig. 2 , that the centromeres of the P fragilis chromosomes are located further from the cell centre than the centromeres of the H. vulgare chromosomes, but Fig. 3 further illustrates that the P fragilis centromeres have a (0) H. vulgare and () P. fragilis chromosomes from 100 cells of the H. vulgare x P. fragilis hybrid HH1432-3e as a function of the distances (in standardized units) from the cell centre. rather even density in a certain area around the cell centre, whereas the density of the H vulgare centromeres is highest at the cell centre and decreases evenly with increasing distance from the centre.
Distances between the cell centre and the individual chromosomes The average distances between the cell centre and centromeres and telomeres are given in Table 1 . The standard deviations of the average distances to H. vulgare and P. fragilis centromeres were about 0.2 and 0.3, respectively, whereas those of the mean distances between the cell centre and telomeres were about 25 per cent higher than of the mean distances to the centromeres. The centromeres of the P. fragilis chromosomes are significantly further from the cell centre than the centromeres of the H vulgare chromosomes (Table 1) . As the position of the cell centre was calculated by minimizing the distances to the centromeres, it is expected that the telomeres will be located GENOME AND CHROMOSOME DISPOSITION 205 further from the cell centre than the centromeres, and also that the telomeres of the long chromosome arms are located further from the cell centre than the telomeres of the short chromosome arms. These expectations were fulfilled except for H. vulgare chromosome 6, the short chromosome arm of which, by addition of the length of the satellite becomes longer than its long arm. The apparent discrepancy for chromosome 1 is due to the designation of the longest arm up to the present as 'the short arm' (J. Jensen & I. LindeLaurscn, unpublished observations), a designation that continued unchanged. In each metaphase, the arrangement of the genomes was further studied by: (i) drawing polygons of least diameter including all centromeres of either parent and counting the number of centromeres of the other parent inside the polygon; and (ii) establishing the number of cells in which a circle drawn round the centromeres of one parent did not encompass centromeres of the other parent (cf. Schwarzacher-Robinson et at., 1987) . In 44 of the 100 metaphase cells, no P fragilis centromeres lay inside a polygon including all H. vulgare centromeres, whereas no more than seven P. fragilis polygons contained no H. vulgare centromeres.
Both groups comprised the same five cells with the chromosomes in a clear side-by-side arrangement. Furthermore, the total number of P. fragilis centro- 
Mean distances between centromeres
The mean distances between the centromeres of the individual H. vulgare chromosomes were in the range from 2.6 to 3.5 length units, between the centromeres of the individual P. fragilis chromosomes in the range from 3.9 to 6.1, and between P fragitis and H. vulgare centromeres in the range from 3.5 to 5.2 (Table 2) . Thus, the mean distances between the centromeres of H. vulgare and P. fragilis chromosomes lay between the mean intercentromere distances of the H. vulgare and the P. fragilis chromosomes, respectively. The distribution of the distances within the groups did not deviate significantly from randomness. The lowest intercentromere distance (2.58 units) was found between the H. vulgare SAT-chromosomes 6 and 7, whereas the intercentromere distances of the P. fragilis SAT-chromosomes E, F, and G, with their suppressed nucleolar constrictions (Linde-Laursen & Bothmer, 1984) , lay close to the mean of the distances between P fragilis centromeres.
Mean distances between telomeres
Intertelomere distances might reveal connections between chromosomes not indicated by intercentromere distances (for reference see Avivi & Feldman, 1980) . However, no mean intertelomere distances of either H. vulgare (Table 3) or P fragilis (not shown) chromosomes indicated that the telomeres of any two chromosomes were significantly closer to each other than they were to the telomeres of other chromosomes. The distances between the telomeres of H. vulgare and P. fragilis chromosomes were in the ranges from 3.1 to 4.6 and from 3.8 to 6.4 length units, respectively.
Because the centering of the cells was based on centromere positions, the mean distance between the telomeres of the short arms of any two chromosomes was, as expected, shorter than the mean distance between the telomeres of the long arms or the mean distances between the telomeres of short and long arms. The mean distance between the two telomeres of each of H. Chromosome vulgare chromosomes 1-4 were very similar, that between the telomeres of chromosome 5 significantly shorter, and those between the telomeres of chromosomes 6 and 7 significantly longer than those between the telomeres of chromosomes 1-4. The mean distances between the telomeres of each of the P. fragilis chromosomes (not shown) were generally larger, both between and within chromosomes, than those between the telomeres of H. vulgare. The distances between the telomeres of each of the P. fragilis SAT-chromosomes E, F, and G were of the same order as in chromosomes A, B, C, and D. This similarity is probably due to the absence of nucleolar constrictions in the former three chromosomes.
Discussion
The present study supports the conclusion that parental genomes tend to be differentially disposed in cells of interspecific and intergeneric hybrids at somatic metaphase (for references, see the introduction). A few cells of the present hybrid had the parental genomes in a side-by-side arrangement. This arrangement has also previously been reported for interspecific hybrids with H. vulgare as one parent (Bennett, 1984b; Linde-Laursen & Bothmer, 1984) . It has been indicated that this is the normal arrangement in established species (Bennett, 1983 (Bennett, , 1984a , but this needs further verification (Bennett, 1987) . Thus, Rawlins & Shaw (1988) found no evidence of a differential distribution of genomes in an extensive study of chromosome positions at anaphase in unsquashed cells of Crepis capillaris using optical tomography. However, as genome arrangements are evidently under genetic control (Bennett, 1984a; Gleba et al., 1987; Schwarzacher-Robinson et al., 1987) , there probably exist species-specific differences in this respect. Therefore, it appears likely that sets of chromosomes (genomes) constitute entities of their own (e.g. Avivi & Feldman, 1980; Heslop-Harrison & Bennett, 1 983b; Bennett, 1984a Bennett, , 1988 . They are probably disposed as two disci in the cells, but in a two-dimensional view they appear to be arranged concentrically and are therefore treated as such.
The theory of an ordered arrangement of the chromosomes within a genome (cf. Avivi & Feldman, 1980; Ashley & Pocock, 1981; Bennett, 1982) was unsupported by our study. We did not find any significant evidence of a specific order of the chromosomes of the H. vulgare or P. fragilis genomes, based either on distances between centromeres or on distances between telomeres. The latter parameter, however, might be the most direct (for references see Ashley, 1979; Avivi & Feldman, 1980) and therefore also the most sensitive parameter to test the validity of the theory. The present results agree with our previous observations (Linde-Laursen & Jensen, 1984) . Thus, we find it unlikely that support for the theory can be based on observations using light microscopy of normally, although gently squashed metaphases. The absence of an ordered arrangement of the chromosomes in the genome agrees with similar recent observations, e.g. in the plant Crepis capillaris using optical tomography (Rawlins & Shaw, 1988) and in the grasshopper Caledia captiva using C-banding (Coates & Smith, 1984) . However, genetic differences in this respect apparently exist among organisms. We found smaller distances among the centromeres of the H. vulgare chromosomes than among the centromeres of the P. fragilis chromosomes. This has the consequence that the P. fragilis chromosomes are further from the cell centre and are more widely distributed than the H. vulgare chromosomes in agreement with the observations made in our previous study (LindeLaursen & Jensen, 1984) . The intrachromosomal distances between the telomeres of chromosomes 6 and 7 were relatively long (Table 3) A significant deviation from this pattern has been found only for the telomeres of the satellites (Table 1 ). An attraction to the cell centre, caused by the attachment of the nucleolar organizers to one or more centrically located nucleoli (e.g. Avivi & Feldman, 1980; Rodman et al., 1980; Bennett, 1984a; Emmerich et al., 1989) , may be a probable explanation. Such an attachment may tend to draw chromosomes 6 and 7 closer to the cell centre, and also closer to each other than expected. Indications of such relationships are seen in Tables 1 and 2 . A tendency for the chromosomes carrying the nucleolus organizers to be more closely located than expected, based on randomness, has been observed in a number of organisms, e.g. maize and humans (for references see Avivi & Feldman, 1980; Rodman et al., 1980; Sarma & Sharma, 1986; Bennett, 1987; Emmerich etal., 1989) .
The distribution of distances between centromeres and the cell centre may give the impression that at metaphase the cell centres are more or less devoid of centromeres, and thus that the centromeres tend to be arranged in rings at this stage (for references see Heslop-Harrison & Bennett, 1983c) as is also often seen in cells at late prophase (cf. Bennett, 1984c) . The distribution of the centromeres of the parental genomes of our material, according to the mean cell centre distance, gives a similar impression. However, we do not find this relationship if the distance of the centromeres from the cell centre is related to the number of centromeres per square unit (Fig. 3) .
Although centromere disposition in our material is influenced by the squashing procedure applied, the use of the parameter number of centromeres per square unit (instead of merely the number of centromeres) probably gives a more realistic picture of the distribution of the centromeres within cells at metaphase. One outcome is that the arrangement of the genomes in rings becomes less apparent (cf. Heslop-Harrison & Bennett, 1983c) .
The generally lower density per unit area, and the wider distribution of the P. fragilis than of the H. vulgare centromeres may be an effect of the less firm attachment of the spindle microtubuli to the centromeres of the former than to the centromeres of the latter species (Finch, 1983; Finch & Bennett, 1983; Schwarzacher eta!., 1984) .
The cause of the differential disposition of the parental genomes in the H. vulgare x P. fragilis hybrid is possibly the difference between species in the rhythms of chromosome contraction during cell division, i.e. genomic allocycly; this may lead to lagging and loss of the chromosomes of the set contracting belatedly. It has been observed, or suggested, in both somatic and meiotic metaphases of a number of intergeneric hybrids (e.g. Forster & Dale, 1983; Pohier & Clauss, 1985 , 1988 Schwarzacher-Robinson et al., 1987; Linde-Laursen & Bothmer, 1989) .
It might be argued that measurement of the positions of chromosomes in metaphases only with well-spread chromosomes has given biased estimates. However, because we have worked with relative positions a possible bias will only have accentuated or diluted existing systematic effects.
